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Executive Summary 
 
In situ chemical oxidation (ISCO) using permanganate is an approach to organic contaminant 
remediation increasingly being applied at hazardous waste sites throughout the United States.  
Manganese dioxide (MnO2) particles are products of the reaction of permanganate with organic 
contaminants and naturally-reduced subsurface materials.  These particles are of interest because 
they have the potential to deposit in the subsurface and impact the flow regime in and around 
permanganate injection, including the well screen, filter pack, and the surrounding subsurface 
formation.  The goal of this research is to understand the genesis and control of MnO2 particles 
and to identify particle stabilization aids that will allow for their transport in groundwater 
through porous media under a variety of reaction conditions.  Control of these particles can allow 
for improved oxidant injection, oxidant transport, and contact between the oxidant and 
contaminants of concern.   
 
This project’s specific objectives are to determine (1) if manganese dioxide particles can be 
stabilized/controlled in an aqueous phase to allow for transport through a solids phase, thereby 
inhibiting subsurface deposition, and (2) the dependence of stabilization and control of MnO2 
particles on porous media and groundwater characteristics.  Bench-scale batch experiments to 
initially study important chemical interactions, followed by column studies to incorporate 
transport phenomena, were conducted to study particle stabilization aids under varied reaction 
matrix conditions. Variations include particle and stabilization aid concentrations, groundwater 
ionic content, pH, porous media type, and redox conditions.   
 
Four stabilization aids were evaluated in the batch experiments for their ability to stabilize 
particles in solution over time and a range of groundwater conditions.  The stabilization aid 
sodium hexametaphosphate (HMP) demonstrated the most promising results based on:  

• Spectrophotometric studies of particle behavior 
• Particle filtration results at varied pore sizes 
• Optical measurements of particle size and zeta potential 

 
HMP inhibited particle settling, provided for greater particle stability, and resulted in particles of 
a smaller average size over a range of pH, particle concentration, ionic content/strength, and 
oxidation/reduction potential (ORP) conditions compared to results for systems that did not 
include HMP.  These results indicate that the inclusion of HMP in a permanganate oxidation 
system improves conditions that may facilitate particle transport.    
 
Based on the favorable results in the batch scale experimentation, 1-D experimental transport 
studies were conducted to evaluate the impact of including HMP with delivery of permanganate 
to a nonaqueous phase liquid (NAPL) source zone within four different media types.  Media 
types included sand-only, sand + 20% montmorillonite clay, sand + 1% goethite (FeO(OH)), and 
sand + 0.5% organic carbon.  Particle transport through the media and retention of MnO2 
particles within the media were characterized following permanganate delivery with and without 
HMP.  While particle retention and transport varied with specific media type, HMP consistently 
provided for significantly decreased particle retention and improved flow.  With HMP, particle 
retention directly in the NAPL source zone decreased by 25% in sand media, 53% in sand + clay 
media, 85% in sand + goethite media, and 47% sand + organic carbon media. 
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Decreased particle retention with the use of HMP can allow for improved oxidant injection and 
transport, as well as contact between the oxidant and contaminants of concern.  Improved 
oxidant delivery and flow translates to more efficient ISCO treatment, decreased potential for 
post-treatment contaminant rebound, and less reliance on invasive or expensive post-ISCO 
processes for treating contaminant residual. 
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Objectives 
 

The primary technical objective of this research is to identify and evaluate a MnO2 particle 
stabilization aid that will facilitate transport of manganese dioxide particles to avoid their 
deposition in well screens, filter packs, and in subsurface areas of high contaminant saturation.  
This will allow practitioners currently implementing permanganate injection and/or flushing 
technologies to maintain improved hydraulic control at a treatment site by amending oxidant 
solutions with the appropriate stabilization aid.  Furthermore, the research will provide for 
greater understanding of the potential impacts of various porous media and groundwater 
characteristics on particle genesis, growth, and transport, in general, thereby improving the 
understanding of potential impacts in and around the zone of permanganate emplacement. 

 
 

Background 
 

Introduction 
Manganese dioxide particles are a product of the reaction of permanganate with organic 
materials, including organic contaminants and natural organic matter.  For example, Eqn. 1 
demonstrates the reaction between permanganate and trichloroethylene (TCE), resulting in the 
generation of manganese dioxides solids.   
 
  2KMnO4 + C2HCl3  2CO2 + 2MnO2 + 2K+ + H+ + 3Cl-   [1] 
 
MnO2 particles may deposit in the subsurface and impact the flow-regime in and around the zone 
of oxidant emplacement, thereby preventing effective oxidant distribution and contact with 
contaminants (e.g., Lee et al., 2003), as demonstrated in Figure 1.  The goal of this research is to 
understand the genesis and control of MnO2 particles and to identify particle stabilization aids 
that will allow for their transport in groundwater through porous media.  Particle stabilization 
will inhibit deposition and resulting impacts on the flow regime, and will allow for improved 
oxidant delivery and contact with the contaminant.  Further understanding is necessary, however, 
to test hypotheses: (1) manganese dioxide particles can be stabilized/controlled in an aqueous 
phase to allow for transport through a solids phase, thereby inhibiting subsurface deposition, and 
(2) the ability to stabilize and control MnO2 particles is dependent on porous media and 
groundwater characteristics, including the porous media type, pH, particle concentration, 
oxidizing/reducing conditions, and ionic content. 
 
Impacts of MnO2 Deposition 
Permeability changes may result due to MnO2 particle deposition, which has been observed in 
some laboratory and field evaluations (e.g., West et al., 1998, 2000; Li and Schwartz, 2000; 
Lowe et al., 2000; Reitsma and Marshall, 2000; Lee et al., 2003), but not in others (e.g., Struse, 
1999; Chambers et al., 2000a,b; Mott-Smith et al, 2000).  It is postulated that differences 
observed in MnO2 deposition and permeability effects are attributable to differences in natural 
and design conditions associated with these studies.  The degree to which the particles can 
impact permeability appears to be related to the amount of contaminant in the reaction zone, as 
well as the reaction rate, which are interrelated.  Table 1 presents a summary of laboratory and 
field evaluations where impacts of MnO2 deposition have been observed and documented.   
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Characterization of MnO2 Particles 
Extensive characterization studies have been conducted by this project’s P.I. to examine MnO2 
particles when generated under a variety of reaction matrix conditions (Crimi 2002, 2004a,b).  
Particle size studies, using both filtration and optical methods, verify that the particles resulting 
from permanganate oxidation with TCE are no larger than 0.41 um (lower detection limit of 
optical methods) under all conditions examined in these studies (varied reactant/particle 
concentrations, pH, extended reaction time periods (up to 6 months)); even where conditions 
favored a larger particle size (i.e., particle growth) such as the presence of calcium.  Figure 2 
presents particle size distribution results for representative samples included in these studies, 
while Figure 3 presents scanning electron microscopy (SEM) images of particles resulting from 
these same reaction conditions.  After 600 hours, nearly all the Mn has formed particles that 
cannot pass the 0.1 micron filter, but essentially none of the particles can be detected by the 
optical method with a 0.41 micron detection limit. 
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high subsurface residual 
contamination

B.  Oxidant is introduced –
initial contact between oxidant 
and contaminant is positive, 
some contaminant destruction 
is achieved

C.  As oxidant continues to react 
with contaminant, manganese 
dioxide solids build up around 
areas of high saturation, favoring 
bypass of the oxidant around the 
contaminant residual, no further 
oxidation is achieved, high 
probability of contaminant rebound 
post-treatment
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Figure 1.  Conceptual Image of Potential Impacts of MnO2 Deposition in the Subsurface 
Surrounding Areas of High Residual Contamination. 
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Table 1.  Impacts of MnO2 on Subsurface Permeability:  Laboratory and Field Evaluations. 
Study Description Impacts of MnO2 Reference 

Field evaluation:  A 5-spot recirculation 
network was employed to deliver 3000 
mg/L NaMnO4 to treat up to 600 mg/L 
TCE in groundwater.  NaMnO4 was added 
to contaminated groundwater above 
ground, filtered at 5 and 1 um respectively, 
then injected into a central injection well. 

After approximately 5 days of operation, increasing injection 
well pressures (up to 18 psig) caused reduced recirculation rates 
(down to 4 gpm).  Redevelopment of the injection well 
recovered the well efficiency, however increasing injection 
pressures and reduced recirculation rates were again rapidly 
observed.   

Lowe et al., 
2000 

Field evaluation:  2-4 wt% of KMnO4 was 
used to treat TCE at 100 to 800 mg/L in 
groundwater.   

Hydraulic conductivities measured 10 months after completion 
of the ISCO test showed order of magnitude decreases in 
several wells, especially the oxidant injection well. 

West et al., 
1998, 2000 

Laboratory study:  1-D column and 2-D 
test cell studies were conducted to examine 
flushing efficiencies resulting from 
reaction of permanganate with typical 
aquifer materials containing dense 
nonaqueous phase liquid (DNAPL) 
contamination.  The distribution of MnO2 
was evaluated.  

The distribution of MnO2 in column studies indicates that the 
majority of Mn was located close to or at the DNAPL zone.  
Precipitates tended to plug the column – flushing become more 
difficult as the experiment progressed.  The 2-dimensional 
studies demonstrated flow bypass zones with high DNAPL 
saturation once the permanganate initially came into contact 
with the DNAPL.  Contaminant removal efficiencies were less 
in 2D systems where flow was able to bypass areas with MnO2 
build-up. 

Li and 
Schwartz, 2000 

Laboratory study:  2-D experimental 
studies examined flow processes during 
DNAPL oxidation, with varying rates of 
reaction due to varied initial permanganate 
concentrations introduced to the system. 

Substantial MnO2 build-up was observed around the DNAPL 
emplacement zone.  With lower initial permanganate 
concentration and slower reaction rates, more MnO2 was 
deposited downgradient from the point of contact of oxidant 
with the DNAPL.  Flow-regimes were impacted by the MnO2 
deposition.   

Reitsma and 
Marshall, 2000 

Laboratory study:  3-D experimental 
studies examined DNAPL contaminant 
destruction and MnO2 deposition with 
treatment using 1250 mg/L KMnO4.   

The DNAPL oxidation process became less efficient with time, 
likely due to reduction in permeability caused by increasing 
MnO2 deposition that inhibited contact between the 
permanganate and DNAPL.  Large amounts of unreacted 
permanganate left the treatment zone during oxidant flushing. 

Lee et al., 2003 
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Figure 2.  Particle Size Distribution for Samples Included in Manganese Dioxide Characterization 
studies.  The Area Between White and Black Shapes = Particles < 0.10 um and Dissolved Mn, and 

the Area Between Black and Gray Shapes = Particles Between 0.10 and 0.41 um in Size.  Six-month 
Reaction Period Sample Results Are Not Shown, But Are Similar to 600 min. Results (Crimi 2002). 
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a. b. 
 

Figure 3.  SEM Images of Particles for Representative Samples Included in Figure 2; (a) Samples 
Without Calcium, and (b) Samples Containing Calcium (Crimi 2002). 

 
The stability of these manganese dioxide particles in solution, which is an indicator of their 
potential to be controlled and transported with groundwater flow, can be impacted by several 
reaction matrix conditions.  These include reactant/particle concentrations, pH, turbulence, and 
the presence of anions/cations in solution (Morgan and Stumm 1964; Perez Benito et al. 1989, 
1990, 1991, 1992; Insausti et al. 1992, 1993; Doona and Schneider 1993; Chandrakanth and 
Amy 1996).  Specifically, higher pH, high anion content, and the presence of stabilizing colloids 
can serve to maintain their stability in solution, providing a foundation for this proposed 
research.  Exploratory studies conducted by this project’s P.I have verified these influences, to 
some extent, and have provided for experimental and analytical designs tuned specifically for 
studying these effects (Figures 4-6) (Crimi 2002, 2004a,b).  Additionally, a framework has been 
developed to assess the fate of manganese following permanganate ISCO based on extensive 
literature review (Table 2).  
 
However, further research is necessary to explicitly determine if reaction conditions can be 
manipulated to stabilize and control manganese dioxide particles in groundwater to specifically 
allow for their facilitated transport through porous media.  Since it is not particle size alone that 
will determine the ability of these particles to be transported, physico-chemical interactions must 
be considered and experimental studies need to be conducted to examine the interactions of 
potential stabilization aids (e.g., ionic/nonionic, organic/inorganic) with manganese dioxide 
particles, as well as the interactions of potential stabilization aids with porous media and 
groundwater.  The ideal particle stabilizer will (1) interact minimally with porous media, (2) 
react minimally with the oxidant permanganate, (3) interact minimally with other groundwater 
components, (4) be acceptable to the regulatory community, and (5) be cost-effective.   
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Figure 4.   Manganese Oxides Generation and Particle Evolution Over Time for Representative 

Samples as Measured by Absorbance at 418 nm (and converted to Mn oncentration in manganese 
oxides form) Versus Time in Minutes. 
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Figure 5.  Particle Growth Rate From Primary, Soluble Particles to Suspended Particles Under 

Varied Matrix Conditions, as Determined via Spectrophotometric Methods Demonstrated in Figure 4. 
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Figure 6.  Deviations From Manganese Concentrations Expected Based on Permanganate 

Depletion Measurements at 525 nm Versus Time.  The y-axis (δMn) is Calculated as the Difference 
Between Measured (418 nm) and Expected (525 nm) Manganese Concentrations (mg/L).  The 10, 

20, and 40 Designations in Each Chart’s Key Indicate the Initial TCE Concentration in Solution 
(mg/L).  A Negative δMn Value Demonstrates Detection of Less Manganese in the Form of Particles 

than Expected Based on the Quantity of Permanganate Depleted. Deviations From Expected 
Manganese Concentrations Can Be Attributed to (1) manganese present in a soluble and non-

detectable form (measurable particles have not formed), (2) particle growth (agglomeration) and 
settling from the field of measurement, or (3) particle dissolution to Mn2+. Overall, these Graphs 

Depict Three Trends With Respect to the Generated Particles. First, Each Sample Demonstrates an 
Initial Linear Decrease in δMn Over Time (particles are soluble and net yet detectable).  Next, most 
Samples Show a Rise in This Value Approaching Zero (particle growth – suspended).  Then, Some 

Samples Show a Subsequent Decline in Value (particle settling). A y-axis Value (δMn) of Zero at a 
Given point Would Indicate That all Permanganate was Converted to Manganese Oxides, and That 
the Manganese Oxides Were Stable in a Suspended Form in the Field of Measurement at That Point 

in Time. 
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Table 2.  Framework for Assessing Manganese Fate During ISCO with Permanganate 
Manganese Form Conditions Promoting Form 

Permanganate 
 Permanganate introduced is in excess of available   reductants 
 Transport out of treatment region is slow 

Immobile 

 Oxidizing conditions 
- High Eh, High dissolved oxygen, Low reductant concentration, 

Abundance of Mn-oxidizing bacteria 
 High pH 
 High sorption of cations onto Mn-oxides 
 Slow ground water flow 

Mn-oxides 

Mobile 

 Oxidizing conditions 
- High Eh, High dissolved oxygen, Low reductant  

concentration, Abundance of Mn-oxidizing bacteria 
 Low pH 
 High sorption of anions onto Mn-oxides 
 High sorption of nonreactive colloids onto Mn-oxides 
 Fast ground water flow 

Immobile 

 Reducing conditions 
 High pH 
 High concentration of surface sorption sites 
 Low competitive cation concentrations 
 Slow ground water flow 
 High carbonate concentration Mn2+ 

Mobile 

 Reducing conditions 
 Low pH 
 Low concentrations of surface sorption sites 
 High competitive cation concentrations 
 Fast ground water flow 

 
 
SERDP Relevance 
A question associated with the delivery of treatment amendments to the subsurface, in general, is 
what impacts these amendments may have on natural subsurface flow conditions.  This is 
especially the case with ISCO using permanganate where manganese dioxide solids, which may 
deposit in well screens and filter pack materials and within the subsurface formation, are a 
byproduct of the reaction with the contaminants of concern or naturally-reduced subsurface 
materials (natural organic matter, reduced minerals, etc.).   Deposition of these particles in the 
well screen and/or filter pack can result in excessive back pressure and can inhibit delivery of 
oxidant to the subsurface.  Deposition in the subsurface formation surrounding injection may 
cause preferential flow that bypasses these areas, which can prevent sufficient contact of oxidant 
with contaminant and limit treatment effectiveness.  While the genesis and growth of these 
particles has been investigated at a fundamental level (e.g., Crimi and Siegrist, 2004b; Siegrist et 
al., 2002), no efforts to specifically evaluate the ability to control the growth and transport of 
manganese dioxide particles for favorable outcomes have been undertaken.  These favorable 
outcomes include inhibiting particle deposition in well screens and filter packs in circulation-
type permanganate injection systems (where permanganate is amended to contaminated 
groundwater above ground and is subsequently introduced to the subsurface via injection well), 
and inhibiting particle deposition in areas of high mass distributions of contaminants.   
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Materials and Methods 
 

Approach 
Table 3 presents an overview of the proposed research, incorporating motivation, objectives, 
hypotheses, experimental approach, and expected results and benefits.   
 
 

Table 3.  Overview of the Proposed Research. 

Motivation 
MnO2 particles generated during in situ chemical oxidation using permanganate may 
impact the flow-regime in and around the zone of emplacement, thereby preventing 
effective oxidant distribution and contact with contaminants. 

Hypotheses 

1. Manganese dioxide particles can be stabilized/controlled in an aqueous phase to 
allow for transport through a solids phase, thereby inhibiting subsurface 
deposition, 

2. The ability to stabilize and control MnO2 particles is dependent on porous media 
and groundwater characteristics, including the porous media type, pH, particle 
concentration, oxidizing/reducing conditions, and ionic content. 

Objectives 

1. Investigate particle stabilization aids for optimal properties. 
2. Examine particle transport through a variety of porous media types. 
3. Partner optimum conditions for particle stabilization and particle transport in 1-D 

transport systems. 

Approach 

Task 1:  Bench-scale batch experiments using 12-mL reaction vials to study MnO2 
stabilization aids. 

Task 2:  1-D transport experiments in columns (10-cm diam by 30-cm length) to 
study particle transport in varied porous media. 

Task 3:  1-D transport experiments in columns to study the partnering of 
stabilization, reaction, and transport. 

Expected 
Results 

and 
Benefits 

A manganese dioxide particle stabilization aid that will facilitate transport of MnO2 
particles to avoid potential loss of subsurface hydraulic conductivity attributable to 
particle deposition following in situ permanganate oxidation. 

Understanding of the potential impacts of various porous media and groundwater 
characteristics on particle transport. 

 
 

Bench-scale, batch experimental systems were initially employed to assess important chemical 
interactions; then, experiments in larger 1-D columns follow to incorporate transport and 
reaction.  Bench-scale systems focus on effects and interactions of (1) particle concentration, (2) 
stabilization aid concentration and type, (3) cations and anions in groundwater, (4) pH, (5) 
porous media solids, and (6) redox conditions (oxidant/reductant ratio).  These conditions are 
also examined in larger-scale systems, which also incorporate influences of porous media type 
(organic carbon, clay, iron mineral content).   
 
Primary analyses for batch studies focus on particle size and stability under the various 
conditions examined using spectrophotometric methods, with supporting filtration and optical 
measurement techniques.  The primary analyses with respect to 1-D column studies focus on 
particle transport and retention.   
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General Materials 
Oxidant.  Potassium permanganate is the oxidant used to generate the manganese dioxide 
particles.  Permanganate is increasingly employed at hazardous waste sites (US EPA 1998, 
Siegrist 1998) and its reactions have been studied extensively (along with particle genesis) (e.g., 
Case et al. 1997; Siegrist et al. 1999, 2000, 2001; Struse et al. 1999, 2002; Urynowicz 2000, 
Crimi 2002, 2003, 2004a,b).  Reductant.  The primary reductant used to generate the manganese 
dioxide particles is the contaminant trichloroethylene.  It is a highly prevalent contaminant at 
hazardous waste sites where permanganate oxidation is applied, and its reactions with 
permanganate have been studied extensively (e.g., Case et al. 1997; Siegrist et al. 1999, 2000, 
2001; Struse et al. 1999, 2002; Urynowicz 2000, Crimi 2002).  Aqueous Matrix.   A simulated 
groundwater matrix is employed, with an ionic strength of 0.01 and adjusted to pH 3 or pH 7 as 
appropriate.  Ionic content varies, as appropriate for experimental design, in calcium content or 
in phosphate content to examine anionic and cationic impacts on system properties.  Solids 
Matrix.  The primary component of the solids matrix is a characterized medium sand with 
negligible silt and clay.  Experimental variations in this matrix are provided through addition of 
organic carbon (OC) as a peat potting soil, iron oxides as goethite (FeO(OH)), and clay as a 
montmorillonite.  Stabilization Aids.  A review of the available literature with respect to particle 
stabilization has been conducted to choose 4 (organic/inorganic, ionic/nonionic) promising 
stabilization aids to meet the objectives of this study.  This review focused on the food and 
pharmaceuticals industry in terms of non-toxic stabilizing additives, as well as catalysis literature 
in terms of stabilizing reactive colloids and avoiding reaction inhibition.  Promising stabilization 
aids include polyphosphate (Perez-Benito and Arias 1991, Perez-Benito and Brillas 1992, 
Stumm 1992), anionic surfactants, and gum arabic and xanthan gum, which are water soluble 
food additives (Perez-Benito et al. 1990).   
 
General Analytical Methods  
Physical and chemical properties of aqueous phase samples, generated particles, and porous 
media solids are characterized using standard methods for solution and soils analysis, as outlined 
in Table 4.  Appropriate sample replication, sample controls, and corroboration of sample 
methods were applied.   
 
 

Table 4.  Summary of Analytical Methods. 
Property General Method(s) References 

pH Wet chemistry with electrode APHA 1998, Klute et. al. 1986 
Eh Wet chemistry with electrode APHA 1998 
MnO4

- Spectrophotometry at 525 nm with Hach DR/4000 APHA 1998 
TCE H.P. 6890 Capillary GC-ECD/FID US EPA 1986, 1990; APHA 1988 
TOC Elementar liquiTOC TOC/TNb Analyzer Sparks et al. 1996, APHA 1998 
TS/TSS/TDS Filtration and oven drying APHA 1998 
MnO2 
  Quantification 
  Behavior  
  Size 

 
Sequential extraction and dissolution 
Spectrophotometry at 418 nm  
NICOMP 380 ZLS zeta potential/particle sizer 

Struse 1999, 2002 
Crimi 2002 

Soil particle size distribution Hydrometer method Klute et. al. 1986 
pHpzc Titration Blok and de Bruyn, 1970 
Zeta potential NICOMP 380 ZLS zeta potential/particle sizer  
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Experimental Procedures   
The experimental activities for this research are divided into three primary tasks: (Task 1) Bench-
scale batch experiments using 12-mL reaction vials to evaluate stabilization aids; (Task 2) 1-D 
transport experiments in columns (2.5-cm diam by 60-cm length) to study particle transport in 
varied porous media, and (Task 3) 1-D transport experiments in columns to study the partnering 
of stabilization, reaction, and transport.   
 
The objective of Task 1 is to investigate particle stabilization aids for optimal properties under a 
variety of reaction matrix conditions.  Experimental studies were conducted in 12-mL reaction 
vials following a full factorial experimental design to investigate conditions presented in Table 5.  
Variation in particle concentration was provided by changing the initial concentrations of 
reactants in solution (permanganate and/or reductant).  The two pH conditions encompass the 
ability of pH itself to impact particle behavior.  Ionic variations were provided due to the ability 
of calcium and phosphate to impact particle behavior.  Solids, for the purposes of these initial 
studies, consist of medium sand with little to no silt/clay fraction and organic carbon to examine 
simply the impact of the presence of solids on particle behavior.  Different types of porous media 
content were examined in column studies in Task 2.  Finally, prior to the initiation of Task 1, 
potential stabilization aids were selected as described above. A review of available literature 
indicated the potential promise of Dowfax 8390, sodium hexametaphosphate (polyphosphate or 
HMP), gum arabic, and xanthan gum for particle stabilization.  Two concentrations of each 
stabilization aid were evaluated based on their solubility and/or ionic properties. All experiments 
were conducted in duplicate with appropriate sample controls.     
 
 

Table 5.  Experimental Conditions. 
Variable Condition A Condition B Condition C 

Particle concentration 10 mg/L 100 mg/L --- 
pH 7 3 --- 

Ionic variation Base groundwater Base groundwater + Ca2+ Base groundwater + PO4
3- 

Solids content None 20 wt. % --- 

Redox conditions 1:1 initial ratio of MnO4
- to 

reductant Oxidizing (excess MnO4
-) Reducing (excess reductant) 

Stabilization Aids Dowfax  Polyphosphate Gum arabic Xanthan Gum 
Stabilization Aid 

Concentration (mg/L) 23,540 3,300 1,000 100 1,000 100 25 10 

 
 
Samples were prepared to encompass all conditions included in Table 5, except for the particles 
(or reactants) initially.  They were then equilibrated, with agitation, in the dark at room 
temperature.  At this point, particles (or reactants) were added to the systems to meet appropriate 
concentrations and analyses were initiated.  Three stages of analysis were conducted as described 
below.  
 
Spectrophotometric analyses.  First, with one set of samples, spectrophotometric absorbance 
measurements at 418 nm were made at selected time points from the addition of particles to the 
system over a 72 hour reaction period.  This provides a qualitative indication of particle size and 
stability in solution over time.  Spectrophotometric measurements at 525 nm were also taken 
concurrently to examine changes in permanganate concentration over time.   
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Particle filtration.  On a second set of samples, particles were sequentially filtered 
(polycarbonate membrane) at 5.0, 1.0, 0.40 and 0.10 µm, and the filtered particles were subjected 
to a three-phase sequential extraction (Struse 1999) at 2, 4, 8, and 24 hrs following the initiation 
of reaction.  The filter membranes and retained solids were oven-dried at 103C for 2 hrs. and 
weighed to yield a dry mass of solids. Next, the solids were washed with deionized (DI) water, 
then with 0.10 M barium chloride to remove water-extractable and barium-exchangeable ions.  
Finally, the manganese dioxide particles were dissolved in 0.10 M hydroxylamine hydrochloride 
with 0.01 M nitric acid solution.  Atomic absorption (AA) spectroscopy analyses for Mn content 
were made of the aqueous filtrate, the DI water extract, the barium chloride extract, and the acid 
dissolution solution to determine the degree of association of ions with the particles, and with the 
aqueous and solids phases.  Absorbance measurements at 525 and 418 nm were taken both pre-
filtration and following each filtration step, to determine the influence of the presence of MnO2 
particles on 525 nm permanganate measurements.  This allows for quantification of manganese 
present as MnO2 particles that were measured spectrophotometrically (i.e., calibration of 418 nm 
data).   
 
Optical measurements.  With a third set of samples, particles were examined by optical (laser) 
particle counting/sizing methods at selected reaction time points (2, 4, 8, 24 hrs).   Samples were 
instrumentally measured for average particle size and zeta potential by electrophoretic light 
scattering of samples placed in an electric field on a NICOMP 380 ZLS zeta potential/particle 
sizer.   
 
1-D transport experiments.  Initial mini-column experiments were conducted as the first part of 
Task 2 transport experiments to determine the appropriate range in porous media conditions to 
evaluate in full scale transport experiments.   The goal of the mini-column experiments was to 
identify environmentally relevant ranges of physical and chemical soil characteristics, by adding 
portions of clay, reactive mineral oxides, and organic carbon to a base sand media, which 
provide for a statistically significant difference in MnO2 retention.  Initial variations evaluated 
included 20% and 50% montmorillonite clay, 1 and 10% goethite (FeO(OH)), and 1 and 5% 
organic carbon as a peat potting soil.   
 
The mini-column evaluations were conducted in 11 cm long columns with a diameter of 1.5 cm.  
The columns were packed with a coarse sand source zone (~0.5 cm), over which was wet-packed 
the mixed media of interest.  First, the media were completely mixed in a mechanical shaker to 
facilitate even distribution of the material added to the base sand.  Neat TCE (equal to the 
stoichiometric demand of TCE for the designed permanganate total mass plus the maximum 
mass that may be transported out of the source zone during pre-oxidation delivery based on 
solubility) was added to the source zone via syringe, then flow of 3.0-3.3 cm3/hr was established 
in the column (upflow delivery) with a peristaltic pump using the base groundwater employed in 
Task 1.  Five pore volumes of groundwater were delivered, followed by 2.5 pore volumes of 
5,000 mg/L permanganate solution.  Post-oxidation, an additional 5 pore volumes were delivered 
to re-establish baseline conditions.  Column effluent was analyzed for total solids concentrations 
during each phase of flow.  After the post-oxidation delivery phase, the columns were sectioned 
into 3 segments with distance from column influent.  The 3-phase extraction described above for 
Task 1 particle filtration experiments was conducted with the media segments to quantify Mn 
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retained as MnO2 in the columns.  While there was no statistically significant difference in 
column total solids with media type, extraction results demonstrated statistically significant 
differences in MnO2 retained in the columns with distance for all media variations evaluated.  
Based on these results, the conditions of 20% clay, 1% FeO(OH), and 0.5% organic carbon, 
along with the base sand condition, were selected for full-scale 1-D transport experiments.  The 
clay and FeO(OH) conditions were the minimum values evaluated in the mini-column 
experiments, and the organic carbon condition was ½ the minimum value evaluated due to the 
considerable difference in MnO2 retention between sand only and sand + 1% organic carbon 
measured in the mini-column experiments.  The organic carbon exerted such an extensive 
demand for the permanganate that there was minimal transport of the permanganate through the 
media even with 2.5 pore volumes of oxidant delivery.   
 
Following selection of the appropriate range of media conditions for the 1-D transport studies, 
the media were characterized as follows: (1) particle size, (2) soil pH, (3) Total organic carbon 
(TOC), (4) estimated point of zero charge pH (pHpzc), and (5) zeta potential.  Table 6 presents the 
media characteristics.   
 
Full column experiments were next conducted with the characterized media in 60 cm long by 2.5 
cm diameter glass columns.  Like the mini-columns, the columns were packed first with a coarse 
sand (~2 cm) source zone, then wet-packed above with the media.  Prior to injecting TCE via 
syringe to the source zone, tracer studies were conducted with bromide to characterize porosity 
differences (the primary expected response to differences in media physical characteristics).  
Once TCE was injected, column flow followed the same approach as for the mini-columns, with 
a delivery rate of 6.0 cm3/hr and pre-, during-, and post-oxidant delivery of 5, 2.5, and 5 pore 
volumes, respectively.  Again, simulated groundwater was used as the background solution, and 
the oxidant concentration was 5,000 mg/L.  For each phase of solution delivery, column effluent 
was measured for pH, oxidation-reduction potential (ORP), total solids, total dissolved solids, 
permanganate concentration, and estimated MnO2 concentration (using spectrophotometric 
methods and calibration curves established during Task 1).  After completion of the flow-through 
conditions, columns were sectioned into 12 segments with distance from influent, and the 3-
phase extraction was performed on each of the segments to quantify MnO2 retained in the 
columns.  Next, to meet Task 3 objectives, each column test was repeated with the addition of 
1,000 mg/L of the stabilization aid hexametaphosphate (HMP) to the permanganate delivery 
solution, which was determined during Task 1 experiments to be the most promising MnO2 
stabilization aid of those evaluated in these studies.  
 
 

Table 6.  Characteristics of Media Used in 1-D Transport Experiments 
Media Avg. Particle 

Size (mm) 
d10 

(mm) d60/d10 Soil pH TOC 
(wt. %) pHpzc 

Zeta potential 
(mV) 

Sand only 0.45 0.185 2.43 4.93 0.017% <2.5 - 17.35 

Sand + 1% 
FeO(OH) 0.56 0.195 3.69 5.56 < 0.01% <2.25 - 19.52 

Sand + 0.5% 
organic carbon  0.42 0.18 3.11 5.31 0.498 % <2.75 - 20.67 

Sand + 20% clay 
(montmorillonite) 0.30 0.05 9.0 2.21 < 0.01% <2.25 - 1.66 
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Data Analysis  
Spectrophotometric analyses.  First, using the filtration data generated with the second set of 
samples described above, correction factors were calculated to correct the spectrophotometric 
measurements at 525 nm.  The manganese dioxide particles interfere with measurements of 
absorbance (used to calculate permanganate concentration) at this wavelength.  Measurements at 
418 nm and 525 nm before and after filtration allow for correction of the 525 nm data.  
Furthermore, by analyzing the data between each filtration step, it is possible to determine the 
influence of differently sized particles on the correction factor.  Equation 2 is applied to correct 
the 525 nm data.  The correction factor was calculated using equation 3. 
 

A525,actual = A525,measured – (A418,measured x correction factor)     [2] 
 

                          Correction factor = (A525 pre-filtration – A525 post-filtration)  
              (A418 pre-filtration – A418 post-filtration)           [3] 
 
Differences in the correction factors calculated for each experimental condition indicate 
differences in particle light scattering characteristics, which is further indicative of structural 
differences in individual particles or the particle agglomerates.   
 
Once 525 nm spectrophotometric data were corrected, they were used to evaluate differences in 
particle generation rates under the varied reaction conditions and to determine if the stabilization 
aids exerted a demand for (i.e., reacted with) the permanganate.  An ideal stabilization aid will 
not exert a demand for the oxidant.  These analyses were made by first converting expended 
permanganate concentrations (initial permanganate concentration minus measured permanganate 
concentration) to equivalent concentrations of Mn as MnO2.  These results were graphed vs. time 
(see Results and Accomplishments), and examined for differences in particle generation rates 
(i.e., reaction kinetics) and extents (i.e., a greater extent of reaction with a stabilization aid 
present vs. extent with no stabilization aid present indicates the aid exerts a demand for the 
oxidant).   
 
Next, the 418 nm data were assessed for multiple responses.  Because the 418 nm data reflect the 
measurement of particles suspended in solution, they provide a qualitative indication of particle 
behavior.  An increase in the 418 nm measurements indicates an increasing concentration of 
suspended particles, whereas a decrease indicates particles have settled from solution.  An ideal 
stabilization aid will prevent particle settling.  Responses measured using the 418 nm data 
include (1) maximum absorbance value (Amax), (2) time of maximum absorbance (Tmax), (3) 
time of maximum absorbance minus time of minimum absorbance (Tmax-Tmin), and (4) particle 
settling rate (ks-obs) (Figure 7).  A higher maximum absorbance value indicates a higher 
concentration of particles suspended in solution.  Tmax and Tmax-Tmin characterize the particle 
growth and settling behavior.  Favorable particle stabilization is indicated by a highly positive 
value for the Tmax-Tmin, corresponding with a relatively late Tmax value in general (i.e., 
particles are suspended for a longer duration).  Particle settling rates were calculated by fitting 
the 418 nm data after the reaction between oxidant and reductant was complete (~4 hours) to a 
power curve; y = AxB, where y is absorbance at 418 nm, x is time, A and B are model fitting 
parameters,and B provides the rate of particle settling in terms of decreasing 418 nm absorbance 
vs. time.   
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Figure 7.  Demonstration of 418 nm Response Metrics. 

 
 
These values were statistically assessed using Minitab 14 for main effects and interactions of 
reaction variables.  Minitab was employed to discern the range of values for each of the 
responses listed above for each of the stabilization aids and the “no stabilization” condition.  
Additionally, the statistical significance for the impact each reaction variable (Table 5) on the 
responses was determined.  An ideal stabilization aid will decrease the influence of varying 
groundwater conditions (i.e., pH, ionic content, etc.) on particle behavior while offering 
improved particle stability in solution. 
 
Particle filtration.  Particle filtration data were analyzed for particle size distribution at each 
time point measured.  For particles retained on each the 5.0, 1.0, 0.40 and 0.10 µm filters, Mn as 
MnO2 was quantified using AA as described above.  To quantify the < 0.10 µm-sized particles, 
first all reacted permanganate (determined via spectrophotometric measurements as described 
above) was converted to Mn as MnO2 (total MnO2).  A limitation to this approach is the 
assumption that all reacted permanganate is converted to MnO2, which is a reasonable 
assumption given Equation 1 holds true for the pH range of ~3-12.  Next, the total mass of MnO2 
collected on each of the filters was summed and subtracted from the total MnO2 value.  The 
remainder is assumed to be the < 0.10 µm fraction of particles.   
 
Next, the change in 418 nm absorbance values from filtration measured spectrophotometrically 
before and after each filtration step were correlated to the Mn as MnO2 mass quantified via 
dissolution and AA analysis to create a calibration of absorbance vs. Mn mass for each reaction 
system.  The calibrated values were used to convert all 418 nm data measured during 
spectrophotometric tests to Mn as MnO2 particles suspended in solution over time.  These data 
provide information regarding whether a solution containing a stabilization aid (1) results in a 
greater concentration suspended of particles over time, (2) inhibits particle settling over time, 
and/or (3) results in a lower concentration of particles reaching a size range (~0.1  µm) that can 
even be detected via spectrophotometric methods.  
 
Optical measurements.  The average particle size and zeta potential measurement data were 
assessed graphically for trends with respect to time for each stabilization aid and were compared 
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to the “no stabilization aid” condition.   Data were assessed for conditions that result in 
statistically significant differences in particle size and zeta potential. 
 
1-D transport experiments.   The primary analysis of the 1-D transport experiments was a mass 
balance performed on the manganese introduced to the columns (initially as permanganate), 
separated as Mn exiting the column (as MnO4

- or MnO2) and Mn retained in the column (as 
water- or Ba-extractable Mn or as MnO2).  These data were assessed for trends with respect to 
soil and groundwater conditions (e.g., pH, ORP, pHpzc, particle size, and zeta potential).   Results 
were compared for columns with and without introduction of HMP with the permanganate 
solution. 
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Results and Accomplishments 
 
Spectrophotometric Analyses 
Table 7 presents the correction factors determined during particle filtration that were employed 
to correct the 525 nm absorbance values for permanganate concentration measurement.  Figure 8 
provides example data for corrected 525 nm data vs. time, representing permanganate depletion 
and MnO2 generation rate and extent.  Representative data are presented here due to the 
numerous samples (586 runs in duplicate) processed as a function of the full factorial 
experimental design.  Appendix I includes a key of sample constituents for samples measured via 
spectrophotometric methods.  Appendix II contains the full set of the uncorrected 525 nm data.  
Appendix III includes the average rate constant (observed pseudo 1st-order) values calculated for 
permanganate depletion for each sample run. 

 
Table 7.  Correction Factors for 525 nm Measurements due to Particle Interference. 

525 correction
525A = 525M - 418M(x)

X
1 Base 3 none 500uL 1818mg/L 450uL 840mg/L 0.87
2 Base 3 1a 500uL 1818mg/L 450uL 840mg/L 0.44 stabilization aids:
3 Base 3 1b 500uL 1818mg/L 450uL 840mg/L 0.44 1a=214uL dowfax
4 Base 3 2a 500uL 1818mg/L 450uL 840mg/L 7.70 1b=30uL dowfax
5 Base 3 2b 500uL 1818mg/L 450uL 840mg/L 1.00 2a=200uL 50g/L NaHMP (pH'd)
6 Base 3 3a 500uL 1818mg/L 450uL 840mg/L 0.20 2b=200uL 5g/L NaHMP (pH'd)
7 Base 3 3b 500uL 1818mg/L 450uL 840mg/L 0.06 3a=200uL 50g/L Gum Arabic
8 Base 3 4a 500uL 1818mg/L 450uL 840mg/L 0.38 3b=200uL 5g/L Gum Arabic
9 Base 3 4b 500uL 1818mg/L 450uL 840mg/L 0.30 4a=200uL 0.5g/L xanthan gum
10 Base 7 none 500uL 1818mg/L 450uL 840mg/L 0.93 4b=500uL 0.5g/L xanthan gum
11 Base 7 1a 500uL 1818mg/L 450uL 840mg/L 0.56
12 Base 7 1b 500uL 1818mg/L 450uL 840mg/L 0.41
13 Base 7 2a 500uL 1818mg/L 450uL 840mg/L 0.00
14 Base 7 2b 500uL 1818mg/L 450uL 840mg/L 0.55
15 Base 7 3a 1mL 364mg/L 180uL 840mg/L 0.63
16 Base 7 3b 1mL 364mg/L 180uL 840mg/L 0.48
17 Base 7 4a 1mL 364mg/L 180uL 840mg/L 0.67
18 Base 7 4b 1mL 364mg/L 180uL 840mg/L 0.67
19 Ca 3 none 500uL 1818mg/L 450uL 840mg/L 0.92
20 Ca 3 1a 500uL 1818mg/L 450uL 840mg/L 0.57
21 Ca 3 1b 500uL 1818mg/L 450uL 840mg/L 0.88
22 Ca 3 2a 500uL 1818mg/L 450uL 840mg/L 0.66
23 Ca 3 2b 500uL 1818mg/L 450uL 840mg/L 1.00
24 Ca 3 3a 1mL 364mg/L 180uL 840mg/L 0.13
25 Ca 3 3b 1mL 364mg/L 180uL 840mg/L 0.45
26 Ca 3 4a 1mL 364mg/L 180uL 840mg/L 0.45
27 Ca 3 4b 1mL 364mg/L 180uL 840mg/L 0.32
28 Ca 7 none 500uL 1818mg/L 450uL 840mg/L 0.89
29 Ca 7 1a 500uL 1818mg/L 450uL 840mg/L 0.48
30 Ca 7 1b 500uL 1818mg/L 450uL 840mg/L 0.49
31 Ca 7 2a 500uL 1818mg/L 450uL 840mg/L 0.26
32 Ca 7 2b 500uL 1818mg/L 450uL 840mg/L 0.72
33 Ca 7 3a 1mL 364mg/L 180uL 840mg/L 0.96
34 Ca 7 3b 1mL 364mg/L 180uL 840mg/L 0.89
35 Ca 7 4a 1mL 364mg/L 180uL 840mg/L 0.69
36 Ca 7 4b 1mL 364mg/L 180uL 840mg/L 0.56
37 PO4 3 none 500uL 1818mg/L 450uL 840mg/L 1.17
38 PO4 3 1a 500uL 1818mg/L 450uL 840mg/L 0.31
39 PO4 3 1b 500uL 1818mg/L 450uL 840mg/L 0.40
40 PO4 3 2a 500uL 1818mg/L 450uL 840mg/L 16.70
41 PO4 3 2b 500uL 1818mg/L 450uL 840mg/L 1.26
42 PO4 3 3a 1mL 364mg/L 180uL 840mg/L 0.45
43 PO4 3 3b 1mL 364mg/L 180uL 840mg/L 0.38
44 PO4 3 4a 1mL 364mg/L 180uL 840mg/L 0.60
45 PO4 3 4b 1mL 364mg/L 180uL 840mg/L 0.44
46 PO4 7 none 500uL 1818mg/L 450uL 840mg/L 1.07
47 PO4 7 1a 500uL 1818mg/L 450uL 840mg/L 0.55
48 PO4 7 1b 500uL 1818mg/L 450uL 840mg/L 0.56
49 PO4 7 2a 500uL 1818mg/L 450uL 840mg/L 7.45
50 PO4 7 2b 500uL 1818mg/L 450uL 840mg/L 0.80
51 PO4 7 3a 1mL 364mg/L 180uL 840mg/L 1.17
52 PO4 7 3b 1mL 364mg/L 180uL 840mg/L 1.14
53 PO4 7 4a 1mL 364mg/L 180uL 840mg/L 0.63
54 PO4 7 4b 1mL 364mg/L 180uL 840mg/L 0.92

ID GW pH Stabilization KMnO4 TCE

 



 

19 

Permanganate Depletion vs. Time
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Figure 8.  Representative data for 525 nm measurements (to determine permanganate 

concentration) vs. time.  “No S.A.” refers to no stabilization, “1b” refers to Dowfax, “2b” is 
polyphosphate, “3b” is gum arabic, and “4b” is xanthan gum.  All samples are for the base 
groundwater condition at pH 3 with no solids present, and equimolar oxidant and reductant. 

 
 
Appendix IV contains the raw data for the 418 nm measurements (which did not require 
interference correction for the presence of permanganate or for the stabilization aids), and 
Appendix V includes the key response values determined (Amax, Tmax,  Tmax-Tmin, ks-obs) 
from the 418 nm data.  Table 8 summarizes the range of values determined via Minitab for the 
responses for each stabilization aid, along with the statistical significance (i.e., p-value) for each 
for the reaction system variables’ influence on the responses.  A p-value of < 0.1 for these 
studies is considered to be statistically significant.   
 
 

Table 8.  Range of Response Values and Statistical Significance of Reaction Variables. 

Response conc pH GW solids redox
Tmax (hrs) 0.000 0.009 0.016 0.000 0.004 2 - 8
Amax (Abs) 0.000 0.108 0.001 0.456 0.113 0.2 - 1.2
Tmax-Tmin (hrs) 0.001 0.306 0.624 0.002 0.002 -71 - -50
ks-obs* 0.000 0.012 0.000 0.942 0.097 0.75 - 1.02
Tmax (hrs) 0.000 0.000 0.674 0.642 0.540 1 - 21
Amax (Abs) 0.000 0.715 0.000 0.255 0.050 0.5 - 3.2
Tmax-Tmin (hrs) 0.000 0.000 0.893 0.821 0.912 -71 - -30
ks-obs* 0.000 0.000 0.893 0.821 0.912 0.5 - 1.10
Tmax (hrs) 0.000 0.000 0.022 0.093 0.313 10 - 40
Amax (Abs) 0.000 0.587 0.000 0.758 0.000 0.3 - 2.0
Tmax-Tmin (hrs) 0.000 0.000 0.002 0.012 0.438 -20 - +10
ks-obs* 0.000 0.005 0.001 0.548 0.678 0.1 - 0.7
Tmax (hrs) 0.123 0.000 0.003 0.856 0.012 20 - 44
Amax (Abs) 0.000 0.166 0.000 0.754 0.000 1.0 - 3.6
Tmax-Tmin (hrs) 0.000 0.000 0.006 0.908 0.063 5 - 38
ks-obs* 0.137 0.000 0.291 0.693 0.382 -0.1 - +0.4
Tmax (hrs) 0.000 0.000 0.000 0.969 0.015 10 - 58
Amax (Abs) 0.000 0.002 0.000 0.707 0.333 0.7 - 3.4
Tmax-Tmin (hrs) 0.000 0.000 0.000 0.984 0.302 -50 - +55
ks-obs* 0.000 0.000 0.407 0.928 0.403 0.15 - 0.8

Range

Dowfax

Poly-
phosphate

Gum Arabic

Xanthan 
Gum

P values
Variables

no 
stabilization

 
*NOTE: A positive ks-obs value, as applied here, indicates particle settling has occurred during the 72 hour reaction period, 
whereas a negative ks-obs value indicates particle growth continues through reaction.  A higher value for B (positive or negative) 
indicates a faster rate of settling/growth.   
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Particle Filtration 
Figure 9 presents the full set of particle size fraction data from filtration experiments at the 24 
hour reaction period for all sample conditions.  The full data set is included in Appendix VI for 
all time periods examined, including additional data figures.  A particle size of < 0.10 µm is the 
most desirable result.  This is shown as the white segment of each bar in the Figure 9 chart.  For 
quick interpretation, the “least favorable” conditions have an overall darker shaded bar, and the 
“most favorable” conditions have an overall lighter, or white, shaded bar.   
 
As mentioned, the filtration data along with changes in 418 nm absorbance with each step of 
filtration, were used to convert all collected spectrophotometric data to MnO2 concentrations 
suspended in solution.  These data were examined graphically to (1) confirm particle settling 
rates estimated from change in absorbance vs. time, (2) compare stabilization aids’ ability to 
maintain particles suspended in solution over time (i.e., inhibition of particle settling), and (3) 
compare the maximum suspended particle concentration in solution to the maximum possible 
suspended particle concentration (based on permanganate concentrations).  In interpreting results 
with respect to the latter objective, it is important to consider that differences between 
concentrations of particles suspended in solution and the maximum possible suspended 
concentration can result from two causes: (A) particles have settled from solution and are no 
longer in the spectrophotometer detection field (unfavorable particle condition indicative of 
large, settleable particles), or (B) particles are below the spectrophotometer detection limit, 
where the particles are too small to effectively scatter light (favorable particle condition 
indicative of very small, dissolved or suspended particles).  For appropriate interpretation, the 
suspended particle concentration data must be considered side-by-side with particle filtration 
data to determine if results relate to cause (A) or cause (B).  Figure 10 shows representative data 
for the suspended MnO2 particle mass over time in solution.  Appendix VII contains graphs 
derived from all data. 
 
Optical Measurements 
Figure 11 shows representative data for particle size measurements for pH 7, equimolar oxidant 
and reductant, with and without solids present conditions at the 24 hour reaction period.  Low 
and high particle concentration samples are presented.  Figure 12 shows representative data for 
zeta potential measurements, which are also for pH 7, equimolar oxidant and reductant, with and 
without solids present conditions at the 24 hour reaction period.  Appendix VIII contains the 
complete data sets, with additional figures illustrating the data.  The profile of conditions that 
result in statistically significant differences in particle size and zeta potential are quite similar to 
those presented in Table 8, confirming that these measurements are viable indicators of particle 
behavior. 
 
1-D Transport Experiments 
Mini-column experiments were first conducted to determine an appropriate range in media 
characteristics to employ in the full-scale 1-D transport experiments.  Results of measurements 
for Mn retention in these range-finding experiments demonstrated that variations to the base sand 
media of 20% clay, 1% goethite (FeO(OH)), and 0.5% organic carbon would provide, at the full-
scale, measurable and statistically-significant differences in permanganate depletion and MnO2 
deposition, while being representative of field-like conditions. Appendix IX contains 
representative results for these initial range-finding experiments. 
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Figure 9.  Particle Size Fractions For All Sample Conditions at the 24-hour Reaction Period.  The 
White Bar Segment Represents the “most favorable condition”, or the Size Fraction <0.10 µm.   
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Figure 10.  Mass of MnO2 Suspended in Solution over 72-hour Reaction Period For Each 

Stabilization Aid Condition For Representative Conditions of Base GW, pH 7, Equimolar Oxidant 
and Reductant Present, Without Solids Present.   

 
 
 
 
 

 
Figure 11.   Average Particle Size For Each Stabilization Aid Condition at pH 7, Equimolar Oxidant 

and Reductant Present, With and Without Solids Present.  Low and High Particle Concentration 
Samples Are Presented. 
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Figure 12.  Zeta Potential For Each Stabilization Aid Condition at pH 7, equimolar oxidant and 

Reductant Present, With and Without Solids Present.  Low and High Particle Concentration Samples 
Are Presented. 

 
 

Transport studies without the use of stabilization aids.  Full-scale 1-D experiments were 
conducted first without addition of stabilization aids to characterize the influence of the media 
type on MnO2 deposition/retention.  Analysis of the tracer data indicate that of the four media 
types evaluated, the media containing 20% clay had a faster flow rate (~12%) than the other 
three media types.  This is likely due to the smaller particle size and larger uniformity coefficient 
(Table 6), thus smaller porosity of this media.  Influent was delivered from a common pump with 
four pump heads, and it was confirmed that there were no differences in the influent delivery 
rate.   
 
The primary data analysis was to perform a mass balance on the Mn introduced to the columns 
as permanganate.  Table 9 summarizes results as the % Mn as each primary species either exiting 
or retained in the column.  It is assumed that the Mn2+ (dissolved) species is not present in 
column effluent.  If there is Mn2+ present, it is lumped into the MnO2-effluent term in Table 9.  
Mn-effluent as MnO2 was measured using the spectrophotometric method (418 nm) and 
calibration as MnO2 developed during Task 1.  Mn-effluent as MnO4

- was also measuring using 
the spectrophotometric method (525 nm).  Total Mn-retained was calculated by subtracting total 
Mn-effluent from total Mn introduced to the column.  Because column extractions were 
performed on a small portion of each column segment, extrapolating these values to the total 
mass of media in the respective segment over-estimated total Mn-retained; thus these values 
were calculated as described.   
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Table 9.  Percent of Mn Introduced to Columns as Each Species 
 Species Sand Sand + 1% 

FeO(OH)* 
Sand + 0.5% 

organic carbon 
Sand + 

20% Clay* 
as MnO4

- 42.2% 0% 0% 0% 
Mn-effluent 

as MnO2 1.4% 0% 1.8% 0% 

as DI-extractable Mn 0.9% 1.4% 0.9% 0.6% 

as BaCl-extractable Mn 0.8% 1.4% 1.6% 5.0% Mn-retained 
as MnO2 54.8% 97.2% 95.7% 94.4% 

*These columns completely plugged after ~1 PV of oxidant delivery. 
 
 
Figure 13 shows particle deposition (Mn-retained as MnO2 fraction from Table 9) within the 1-D 
columns by media type and by distance from column influent.  The values presented are 
normalized for the mass of permanganate actually delivered to the column.  Two columns, sand 
+ clay and sand + goethite, both experienced completely blocked flow within one pore volume of 
delivery, whereas the sand only and sand + organic matter columns accepted the full 2.5 pore 
volumes of the design delivery volume.  Note that the majority of particle deposition, for all 
media types, occurs within the first several centimeters of the column, concentrated in the NAPL 
source zone (each section corresponds with 5 cm column length).   
 
 
 

 
Figure 13.   Mass of Mn (as MnO2) per kg of Media With Distance From 1-D Column Influent.  
Trichloroethylene NAPL is Located Within Section 1.  Each Section is Approximately 5 cm of 
Column Length.  Results are Normalized For the Total Mass of Permanganate Delivered to the 
column.  Delivery Mass Differed for Columns Due to Plugging and Restricted Flow in Sand + 

Goethite and Sand + Clay Columns. 
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Total solids concentrations, shown in Figure 13, as well as dissolved and suspended fractions 
thereof, were measured for each quarter pore volume of column effluent.  Solids concentrations 
were > 99% dissolved solids, and, as demonstrated in Table 9 Mn-effluent data, were low in 
concentration.   
 

 

 
Figure 14.  Total Solids Concentration in Column Effluent With Volume of Solution Delivered.   

 
 
Total solids concentrations above background levels may be attributable to solids as dissolved 
MnO4

-, or as dissolved MnO2.  It is interesting to note that increases in total solids concentrations 
in each of the columns occurs after approximately one pore volume of oxidant delivered, 
however, as Table 9 shows, little to no permanganate or MnO2 were detected in any of the 
columns except for permanganate in the sand column.  It is likely that the increases are primarily 
attributable to increases in dissolved MnO2 concentrations, but that these particles are below the 
detection limit (i.e., ~ 0.1 µm) of the spectrophotometric measurement method. 
 
Figure 15 shows column effluent pH and oxidation-reduction potential (ORP) for each column 
conducted without stabilization aid.  Again, note that less volume was passed through columns 
containing clay and iron due to plugging at ~ 1 PV of oxidant delivery.  As anticipated, column 
pH decreases significantly during the oxidant delivery phase due to H+ generated during 
permanganate reaction with TCE and the very low buffering capacity of the background 
groundwater.  Note that the clay-containing media has a lower initial pH due to the low pH of the 
media itself (Table 6).  Corresponding with the drop in pH is an anticipated increase in ORP due 
to the oxidizing conditions introduced.  While iron-containing and clay-containing columns have 
no interpretable post-oxidation data due to column plugging and restricted flow, it is interesting 
to note the differences between the sand-only and the sand + 0.5% organic carbon column.  The 
sand-only column returns to pre-oxidation conditions very soon after oxidant delivery ceases.  
The organic carbon-containing column, however, has a significantly increased pH (above 
baseline) and decreased ORP (below baseline).  It is likely that low molecular weight organic 
acids are generated due to oxidation of the organic carbon in the porous media, which are 
contributing to these effects.   
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Figure 15.  ORP and pH of Column Effluent For Each Pore Volume of Solution Delivered For Each 

Media Type. 
 
 

Transport studies with the use of sodium hexametaphosphate.  Table 10 presents the mass 
balance on Mn for the columns tests run with the stabilization aid HMP (1,000 mg/L).  
Compared to conditions without HMP (Table 9): 

• There is a shift in the mass balance in iron- and clay-containing columns, attributable in 
large part to the increase in the mass of Mn introduced to the columns with HMP (i.e., 
columns did not plug with HMP therefore the full design 2.5 PVs of solution were passed 
through these columns). 

• There is a significant increase in Mn-effluent as MnO2 for the iron-containing column, 
which is evidence of improved particle stabilization when coupled with the fact that the 
column with HMP did not plug. 

• There is little difference in the overall mass balance in sand-only and organic-carbon 
containing columns.  It was expected for this mass balance to shift toward less Mn-
retained and greater Mn-effluent due to particle stabilization with HMP. 
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Table 10.  Percent of Mn Introduced to Columns Using Stabilization Aid HMP  
as Each Species. 

 Species Sand Sand + 1% 
FeO(OH)* 

Sand + 0.5% 
organic carbon 

Sand + 
20% Clay* 

as MnO4
- 34.0% 47.4% 0% 15.2% 

Mn-effluent 
as MnO2 1.4% 4.0% 0.9% 0.8% 

as DI-extractable Mn 0.7% 0.4% 0.8% 0.6% 

as BaCl-extractable Mn 1.6% 1.0% 1.5% 13.6% Mn-retained 
as MnO2 62.3% 47.2% 96.8% 69.8% 

 
 
Figure 16 shows the % decrease in MnO2 deposition in the source zone (where the majority of 
deposition occurs as shown in Figure 13) for each media with the use of 1,000 mg/L HMP.  Note 
that the calculated values for the iron-containing and clay-containing columns, which plugged 
and experienced restricted flow after 1 PV of oxidant delivery when HMP was not used, account 
for the difference in the total mass of oxidant delivered to the columns.  The method for 
accounting for the oxidant mass difference is to apply a correction factor corresponding with the 
difference in the volume of oxidant delivered.  This correction approach assumes that the 
deposition of manganese dioxides with oxidant delivery is a linear process (i.e., MnO2 deposition 
increases linearly with the volume of oxidant introduced).  There are limitations to this 
assumption, as follows: 

• As permanganate passes through the column, less TCE is available over time for the 
permanganate to oxidize and generate particles, affecting the rate of particle generation 
and likely the rate of deposition.  It is likely that particle accumulation decreases over 
time, which would translate to Figure 16 values being biased high. 

• As particles deposit in the source area, it is likely that pore voids are being filled over 
time.  This may translate to a straining effect, where smaller and smaller particles are able 
to pass through the media over time, resulting in increased particle deposition over time.  
This would translate to Figure 16 values being biased low.   
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Figure 16.  Percent Decrease in MnO2 Deposition in Source Zone With 1000 mg/L HMP. 
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In presenting Figure 16, it is assumed that these biases cancel each other to an extent, but the 
specific error associated with each type of bias is unknown and cannot be experimentally 
resolved based on current limited understanding of MnO2 particle behavior in porous media.  It is 
not expected that results are drastically biased high because of three reasons: 

• The iron-containing columns experienced greater MnO2 deposition in the source zone 
overall without HMP present even though the total mass of Mn delivered was 
approximately 40% of the mass of Mn delivered with HMP present. 

• The clay-containing columns experienced similar masses of MnO2 deposition despite the 
fact that Mn delivered without HMP was approximately 40% of the mass of Mn delivered 
with HMP present.   

• Significant reduction in MnO2 deposition occurred in the sand-only and sand + organic 
carbon columns with HMP present in solution when equal volumes of oxidant were 
delivered with and without HMP. 

 
While Table 10 indicates that the extent of Mn retained in the sand-only and organic carbon-
containing columns changes little with the use of HMP, Figure 16 indicates that there is a shift in 
the location of the Mn deposition.  With HMP, significantly less deposition occurs at the point of 
contact with the oxidant and contaminant (source zone), and that the MnO2 migrates further 
downgradient, depositing in latter sections of the column. 
 
Figure 17 shows total solids concentrations for the column tests conducted with HMP.  The total 
solids concentrations with HMP are similar in the sand-only and organic carbon-containing 
columns without HMP (Figure 14).   This is consistent with the Mn mass balance information 
presented in Tables 9 and 10 where Mn-effluent as MnO2 percentages are similar for conditions 
with and without HMP.  Because the columns containing iron and clay plugged without HMP, 
results aren’t directly comparable to those with HMP, however the fact that the columns with 
HMP did not plug and the solids were transported through to the effluent is a key finding of these 
studies. 
 
 

 
Figure 17.  Total Solids Concentration in Column Effluent With Volume of Solution Delivered in 

Columns Conducted with HMP.   
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Figure 18 shows column effluent pH and ORP for each column conducted with HMP.  Just like 
columns conducted without HMP, the expected trend of increased ORP and decreased pH during 
the oxidant delivery period are evident in the sand-only columns.  Of note, however, is that with 
HMP present, the sand-only columns don’t quite return to pre-oxidation pH and ORP conditions, 
but instead rebound to a level approximately between the pre-oxidation and during-oxidation 
conditions.   
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Figure 18.  ORP and pH of Column Effluent For Each Pore Volume of Solution Delivered and Each 

Media Type For Columns Conducted With HMP. 
 
 
The iron-containing and organic carbon-containing columns have similar profiles.  It appears that 
pH is buffered by the presence of HMP.  It is postulated that the less acidic (i.e., higher soil pH, 
Table 6) nature of these media compared to the other two results in less electrostatic association 
of the HMP with the media and greater amounts retained in the aqueous phase.  This would 
translate to the greater pH buffering observed.  Furthermore, spikes in ORP are curtailed in these 
columns even though permanganate was observed and measured throughout the column and in 
column effluent.  It is postulated that the HMP interferes with the time to ORP measurement 
equilibration (i.e., requires a longer duration to equilibrate than allowed for measurement) and 
that the measurements are thus biased low.  It is not believed that the actual system ORP is as 
low as the measurements indicate during the oxidation phase because (1) permanganate is 
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evident within the column and in column effluent during the delivery and initial portion of the 
post-delivery phase, and (2) the overall mass of MnO2 generated in the organic carbon-
containing columns with and without HMP agrees within 2%, indicating that reactant 
concentrations are uniform between the two columns and that flow conditions are similar (tracer 
test results concur).   
 
In comparing the total solids profiles to the pH profiles of columns both with and without HMP, 
an interesting effect is noted.  Total solids concentrations increase approximately 1 PV after 
permanganate delivery, as anticipated, due to the generation of MnO2.  There is a subsequent 
decrease in particle concentrations during the latter part of oxidant delivery, followed by a small 
but notable increase (for most columns) after oxidant delivery is ceased and conditions are 
reverted back to baseline groundwater flow-through.  A specific correlation has not yet been 
made, however the total solids profile appears to follow pH profiles in the columns; where 
increased solids in the column effluent appear as pH drops significantly, and the small increase 
post-oxidation corresponds with an increase in pH toward baseline conditions.  This effect is 
consistent with anticipated electrostatic effects.  At lower pH, the mostly negatively-charged soil 
surfaces (due to low pHpzc values, Table 6) become protonated toward neutrality and even to a 
positively charged condition when pH < pHpzc.  This translates to less electrostatic repulsion of 
the MnO2 particles and greater sorption at the lower pH range.  When pH increases, OH- ion 
competes with MnO2 for electrostatic association with the media surfaces, which can result in 
their desorption from the media and release from the column.  With HMP present, there are 
several advantages with respect to avoiding electrostatic attraction between the particles and the 
media.  First, the strongly negatively charged HMP can associate with soil surfaces and inhibit 
attraction for the more weakly-charged MnO2 particles.  Also, with its pH buffering effects, 
lower pH conditions that result in greater association of particles with the media can be avoided.   
 
Discussion 
Results of batch-scale experimentation to compare the ability of four different particle 
stabilization aids to inhibit MnO2 deposition indicate the favorability of sodium 
hexametaphosphate (HMP) over other stabilization aids.   Table 11 presents the primary and 
secondary evidence of HMP’s preferred ranking.  Primary evidence is specific to HMP, while 
secondary evidence is also characteristic of Gum Arabic and Xanthan Gum.  Dowfax presented 
conditions that were even less favorable than the use of no stabilization aid, likely due to its 
significant reaction with permanganate (Figure 8). 
 
Based on the results described in Table 11, HMP (1,000 mg/L included in permanganate solution 
delivered) was employed as a particle stabilization aid in transport studies.  Prior to applying the 
stabilization aid, columns were conducted without HMP to (1) provide a baseline response, and 
(2) compare the effects of media type on particle retention.   
 
 



 

31 

Table 11.  Measurements Demonstrating Viability of HMP for MnO2 Particle Stabilization. 
Evidence Measurement Basis 

Permanganate concentration vs. 
time  

HMP does not react nonproductively with permanganate 
resulting in the generation of additional MnO2 

Particle mass as a function of 
filter size Majority of particles under varied conditions are < 0.10 µm 

Spec. measurements at 418 nm 
coupled with filtration (to 
calibrate for [MnO2] vs. time  

A large percentage of particles are below the ~0.10 mm 
detection limit of the spectrophotometric method under a range 
of experimental conditions 

Primary 

Optical measurements of particle 
size (laser) 

Results in the smallest-sized particles over the widest range of 
reaction conditions. 

Spec. measurements at 418 nm 
and 525 nm 

Correction factors to account for particle light scattering at 525 
nm permanganate measurement wavelength deviate 
significantly from the no stabilization aid conditions, indicating 
a significant difference in particle structure and/or size 

Spec measurements and analyses 
at 418 nm Increased Tmax, decreased ks-obs, increased Tmax-Tmin 

Spec. measurements at 418 nm 
coupled with filtration (to 
calibrate for [MnO2] vs. time  

Particles are stable in solution (i.e., do not coagulate) over 
extensive reaction time periods 

Secondary 

Optical measurements of zeta 
potential 

Zeta potential is more negative than the no stabilization aid 
conditions 

 
 
Regarding the latter objective, important differences in MnO2 retention in the columns were 
observed.  These differences can be attributed to differences in both physical and chemical 
characteristics of the porous media. Clay-containing media’s significantly smaller average 
particle size and larger uniformity coefficient results in greater particle retention.  The column 
ultimately clogged and completely restricted flow within 1 PV of oxidant delivery.  Also, the 
near neutral zeta potential of the clay-containing media indicates that potential repulsive forces 
between the media and the particles are less than in the other three media with highly negative 
zeta potential values.  MnO2 particles carry a slightly negative charge under moderate pH 
conditions.   
 
While the iron-containing columns have apparently very similar physical and chemical 
properties to the sand-only column, as anticipated based on only 1% addition of FeO(OH), MnO2 
retention in this column was very different than the sand-only column.  Like the sand + clay 
column, this one also experienced completely restricted flow within 1 PV of oxidant delivery.  It 
is speculated that this primary difference relates to changes in speciation of the iron due to 
changes in pH and ORP of the system during oxidation.  When oxidant is introduced to the 
columns, a notable brownish-orange color is observed in the column effluent, indicative of the 
mobilization of Fe3+.  Fe3+ can introduce important differences to the system that affect particle 
interactions.  It may (1) act as a coagulant, facilitating MnO2 aggregation and deposition, (2) 
convert to other iron hydroxide species that may precipitate, introducing additional particles to 
the system, and (3) substitute for Mn in the MnO2 aggregate structure (isomorphic substitution), 
if it co-precipitates with MnO2, resulting in an overall positive charge on the surface, which 
would then be attracted to the negative surfaces of the porous media (Figure 19). 
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Figure 19.  Left-hand Side Shows un-substituted MnO2 With no Net Charge.  Surface Charge is 
Slightly Negative in Solution Due to O- on Surface Edge.  Right-hand Side Shows Fe3+-substituted 

MnO2 Aggregate With a Net Positive Charge. 
 
 
The most surprising results were offered by the organic-carbon containing column.  
Permanganate reacts readily with organic carbon in soil, creating excess MnO2 beyond those 
particles created by contaminant reaction.  The organic carbon column did have more extensive 
MnO2 deposition than the sand-only column, and permanganate was never detected beyond 
approximately half-way through the column with 2.5 PVs of oxidant delivery.  However, the 
column experienced no restricted flow.  It is postulated that when organic carbon in the media is 
oxidized, void space in the media is increased.  Deposition of MnO2 may be off-set by the 
increased void space.  There was no measurable difference in flow rate through during oxidant 
delivery or post-oxidation indicative of either increased or decreased porosity, however 
differences may be undetectable through the crude measurement of volume over time.  Future 
evaluations will include a post-oxidation tracer test to more thoroughly evaluate potential 
differences in overall porosity. 
 
Clearly the chemical and physical characteristics of both the media and the MnO2 particles 
dictate particle deposition during ISCO.  Media characteristics that are the best predictors of 
challenged flow due to deposition include: (1) particle size, (2) particle size distribution, (3) 
potential for mineral dissolution (resulting in co-precipitation or other aforementioned chemical 
effects), (4) zeta potential coupled with pHpzc measurements.  Predictors 1 and 2 are commonly 
measured characteristics, while predictor 3 can be indicated by a high cation content in 
groundwater (e.g., Fe3+ in an iron-enriched media).  Predictor 4 involves more complex 
laboratory measurements that are not frequently conducted, therefore practicality dictates focus 
on predictors 1-3 at the field scale.   
 
The use of HMP with permanganate is intended to alter the physical and chemical characteristics 
of MnO2 particles to improve particle mobility and inhibit deposition, particularly at the point of 
contact of the oxidant and contaminant.  HMP alters system chemistry, which translates to 
decreased particle retention by the following possible mechanisms:  (1) increased net negative 
charge promoting particle stabilization in solution and inhibiting coagulation, precipitation, and 
co-precipitation; (2) smaller particle size resulting from mechanism 1; (3) association of HMP 
with soil surfaces, decreasing the association of MnO2 with soil surfaces; and (4) buffered pH, 
resulting in less electrostatic attraction between soil surfaces and particles that can occur at the 
lower pH that results from contaminant oxidation.  The positive effects of HMP addition were 
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observed primarily as percent reductions of MnO2 deposition at the contaminant source zone in 
all columns, ranging from 25-85%, depending on media type.   
 
Aside from identifying and evaluating HMP as a viable particle stabilization aid to employ with 
ISCO, particularly for NAPL sites, this project resulted in several additional significant findings: 

• Even with the use of HMP, very little MnO2 generated during permanganate ISCO (< 
2%) remained in a mobile phase for the length of a 60-cm column.  HMP’s positive 
effects were observed primarily at the point of contact of the oxidant and contaminant.  
While evaluations of Mn speciation rarely occur during field application, the perception 
is often that MnO2 does not create issues such as restricted flow.  The fact is that without 
doing specific analyses of the co-location of contaminant residual and deposited MnO2, 
this effect would be challenging to observe at the field scale.  Measurements of back-
pressure with oxidant delivery may prove to be a valuable indicator of challenges to flow 
created by MnO2, however localized deposition at the point of contact with the 
contaminant would not be detected with this approach where the flowing oxidant can 
readily bypass the flow-restricted area. 

• Permanganate can readily bypass NAPL contaminant.  This is apparent in the sand-only 
column without HMP and with all but the organic-carbon containing column with HMP.  
Permanganate was not provided in excess of the stoichiometric TCE requirement, 
however permanganate was observed in the column effluent 60 cm from the 
contaminated source zone through which the oxidant directly passes.  The bypass is likely 
due to NAPL dissolution limitations. 

• Oxidation of organic-carbon containing media resulted in a short-term post-ISCO 
decrease in ORP not typically associated with oxidizing conditions.  This is likely a result 
of the generation of low-molecular weight organic acids that result in overall reducing 
conditions.  This indicates that permanganate ISCO in carbon-rich media can result in a 
down-gradient plume of reducing conditions that may be a beneficial carbon source to 
anaerobic microorganisms that can readily degrade dilute contaminant plume 
concentrations.  ISCO is often deemed not fit for high organic carbon sites, however it 
may hold two-fold benefits for hot spot treatment of source zones at such sites; oxidation 
of high mass density contaminant and enhanced biodegradation of lower concentrations 
down-gradient from the treated hot spot. 

• Post-ISCO, very little Mn was present in the columns both with and without HMP in a 
readily extractable form, indicating that it is unlikely that permanganate ISCO will result 
in a long-term source of dissolved Mn at a site except under highly reducing conditions 
where MnO2 may be reduced to Mn2+.   
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Concluding Summary 
 

The objectives of SERDP Project ER-1484 were to (1) determine if manganese dioxide particles 
can be stabilized/controlled in an aqueous phase to allow for transport through a solids pahse, 
thereby inhibiting subsurface deposition, and (2) determine the dependence of stabilization and 
control of MnO2 particles on porous media and groundwater characteristics.  Bench-scale batch 
experiments were conducted initially to study chemical interactions, focusing on the 
identification of a viable particle stabilization aid.  Results of the bench-scale studies indicate 
that sodium hexametaphosphate (HMP) is a promising stabilization aid due to its ability to 
maintain a smaller average particle size and particles stabilized over long reaction periods and a 
wide range of groundwater conditions.  Groundwater conditions that affect particle size and 
behavior both with and without HMP include particle concentration, pH, and ionic content; 
however favorable conditions are maintained with HMP despite these influences.  In other 
words, although particle size is affected by pH, etc., the particles remain small, mobile, and 
suspended under different pH, etc., conditions. 
 
Transport studies were conducted to evaluate particle deposition in various porous media types 
with and without HMP.  Physical and chemical characteristics of the porous media, including 
pHpzc, zeta potential, particle size (average and distribution), and mineralogy, dictate the extent 
of MnO2 deposition without the presence of HMP.  This is evidenced most strongly by the 
completely restricted flow that resulted in columns containing modest additions of 20% clay and 
1% FeO(OH) to a base sand in which flow was not restricted by MnO2 deposition.  An important 
condition that influences particle deposition is the presence of, or generation of, cationic species 
(e.g., Fe3+) that enhance particle coagulation and electrostatic attraction to the porous media.  
Including 1,000 mg/L of HMP with the permanganate solution, which do not react with each 
other, decreased MnO2 deposition in the contaminant source zone by 25-85% depending on 
media type.  A decrease of 85% deposition occurred in the iron-containing column and a 
decrease of 53% occurred in the clay-containing column, which were the two columns that 
experienced completely restricted flow within delivery of 1 PV of permanganate solution without 
HMP.  Flow was not restricted in columns containing HMP.  The ultimate implication of these is 
that the use of an MnO2 stabilization aid during permanganate delivery can result in (1) 
improved contact of the oxidant and contaminant over the longer term, (2) decreased potential 
for restricted flow (or flow bypass around contaminants), and (3) greater potential for limiting or 
eliminating contaminant rebound that may occur as a result of flow bypass. 
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Appendix I.   Key of Sample Constituents for Spectrophotometric Studies 
(full factorial design) 



 

 



 

 



 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 



 

 

 



 

 

 



 

 



 

 



 

 



 

 

 



 

 



 

 

Appendix II.  525 nm Spectrophotometric Study Data 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Appendix III.  Calculated Permanganate Depletion Rate Constants 



 

 



 

 



 

 

Appendix IV.  418 nm Spectrophotometric Study Data 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Appendix V.  418 nm Spectrophotometric Study Response Values 



 

 



 

 



 

 



 

 



 

 

Appendix VI.  MnO2 Filtration Data  
(5.0, 1.0, 0.4, and 0.1 µm) 

 
 
 



 

 



 

 



 

 



 

 



 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Particle size distribution of a high concentration stabilization aids under various reaction 
conditions at 2, 4, 8, 24 hour reaction time (particle size unit = µm) (page 1 of 4). 
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Particle size distribution of a high concentration stabilization aids under various reaction 
conditions at 2, 4, 8, 24 hour reaction time (particle size unit = µm) (page 2 of 4). 
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Particle size distribution of a high concentration stabilization aids under various reaction 
conditions at 2, 4, 8, 24 hour reaction time (particle size unit = µm) (page 3 of 4). 
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Particle size distribution of a high concentration stabilization aids under various reaction 
conditions at 2, 4, 8, 24 hour reaction time (particle size unit = µm) (page 4 of 4). 
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Percent of MnO2 particles less than 0.1 µm over time for each stabilization aid. 
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Appendix VII.  Suspended MnO2 Concentration vs. Time  



 

 

 
Mass of MnO2 suspended in solution over 72 hour reaction period for each stabilization aid 

under various reaction conditions at equimolar concentrations of TCE and KMnO4 (page 1 of 2). 
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Mass of MnO2 suspended in solution over 72 hour reaction period for each stabilization aid 

under various reaction conditions at equimolar concentrations of TCE and KMnO4 (page 2 of 2). 
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Appendix VIII.  Average Particle Size and Zeta Potential vs. Reaction 
Conditions 

 



 

 

 



 

 

 



 

 

 



 

 



 

 

 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Average particle size of samples of high concentration stabilization aids under various reaction 

conditions. 
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Zeta potential of samples of high concentration stabilization aids under various reaction 

conditions. 
 

Base GW, pH 3
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Appendix IX.  Representative Results for Initial Mini-Column Range-Finding 
1-D Transport Experiments 

 



 

 

 

 
Total solids concentrations over pore volume of delivery for varied porous media  
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Mass of Mn (as MnO2) per kg of media in sectioned columns for varied porous media. 
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